Nitric oxide (NO) is a radical and a gas, properties that allow NO to diffuse through membranes and potentially enable it to function as a "volume messenger." This study had two goals: first, to investigate the mechanisms by which NO functions as a modulator of neuronal excitability, and second, to compare NO effects produced by NO release from chemical NO donors with those elicited by physiological NO release from single neurons. We demonstrate that NO depolarizes the membrane potential of B5 neurons of the mollusk Helisoma trivolvis, initially increasing their firing rate and later causing neuronal silencing. Both effects of NO were mediated by inhibition of Ca-activated iberiotoxin-and apamin-sensitive K channels, but only inhibition of apamin-sensitive K channels fully mimicked all effects of NO on firing activity, suggesting that the majority of electrical effects of NO are mediated via inhibition of apamin-sensitive K channels. We further show that single neurons release sufficient amounts of NO to affect the electrical activity of B5 neurons located nearby. These effects are similar to NO release from the chemical NO donor NOC-7 [3-(2-hydroxy-1-methyl-2-nitrosohydazino)-N-methyl-1-propyanamine], validating the use of NO donors in studies of neuronal excitability. Together with previous findings demonstrating a role for NO in neurite outgrowth and growth cone motility, the results suggest that NO has the potential to shape the development of the nervous system by modulating both electrical activity and neurite outgrowth in neurons located in the vicinity of NO-producing cells, supporting the notion of NO functioning as a volume messenger.
Introduction
Nitric oxide (NO) is involved in many processes in the nervous system, including cell proliferation, neuronal development, and learning and memory (Contestabile and Ciani, 2004; Bicker, 2005; Garthwaite, 2008) . One mechanism by which NO affects neuronal function is by modulating electrophysiological properties of neurons (Koh and Jacklet, 2001; Clasadonte et al., 2008; Yang and Cox, 2008) , although the physiological relevance and mechanisms of this modulation remain to be determined. NO can reset the level of neuronal activity and excitability by affecting specific ion channels, which, in turn, change the firing rate, the threshold of action potentials (APs), and the ability of neurons to respond to excitatory and inhibitory signals (Ahern et al., 2002; Frick and Johnston, 2005; Steinert et al., 2008) . Whereas the role of neuronal activity in determining and modulating synaptic connections is well established in the adult nervous system (Sjöström et al., 2008) , its role in developing or regenerating neurons is less understood (Spitzer, 2006) . Although long-lasting spiking activity inhibits axonal outgrowth and causes growth cone collapse in invertebrate and vertebrate neurons (Cohan and Kater, 1986; Fields et al., 1990) , transient bursts of electrical activity can stall growth cone motility, mimicking neurotransmitter-induced firing of APs and growth cone stalling (Ibarretxe et al., 2007) .
We showed previously that NO affects growth cones of identified neurons of the snail Helisoma trivolvis by stimulating a rapid and transient increase in filopodia length and a concentration-dependent slowing in neurite outgrowth Trimm and Rehder, 2004; Welshhans and Rehder, 2005) . These effects of NO were mediated by Ca release from Ca stores and by Ca entry via voltage-activated Ca channels (Welshhans and Rehder 2007) . Because neuronal Ca transients are markers of change in neuronal excitability (Spitzer et al., 2000) , we hypothesized that NOmediated effects on growth cone behavior could be, at least partially, mediated by modulation of electrical properties.
We found that NO initially increased the neuronal firing rate in B5 neurons and later resulted in long-lasting silencing. These effects were fully mimicked by inhibition of apamin-sensitive (SK-like) K channels and, partially, by inhibition of iberiotoxin (IBTX)-sensitive (BK-like) K channels, suggesting that Caactivated apamin-sensitive SK-type channels were the main target of NO in modulating the electrical activity of B5 neurons. This is the first example in which NO is shown to exert a long-lasting decrease in neuronal excitability via inhibition of apaminsensitive K channels.
NO donors are convenient tools to produce NO and are used widely to investigate physiological effects of NO. Studies using NO release from neurons as a means of NO delivery, however, are Immediately after obtaining the whole-cell configuration, the resting membrane potential was recorded from the amplifier panel meter. The input resistance was determined from the membrane test function (pClamp 10) by giving a ϩ5 mV voltage pulse. In voltage-clamp experiments, the input resistance was monitored for stability of the whole-cell configuration, and experiments were excluded from analysis if input resistance changed Ͼ10%. AP kinetics and frequency were analyzed using the "Event Detection" function (pClamp, Clampfit 10, Template Search option). The amplitude of afterhyperpolarization potentials (AHPs) elicited by depolarizing current injection (1 nA for 1 s) was measured 500 ms after the end of current injection. The AHP amplitude of single rebound APs was measured 200 or 300 ms after repolarization of the membrane potential after the AP and is expressed as a percentage change between control and experimental conditions. AP width at half-amplitude was measured for the second AP evoked after stimulation. The significance of the effects on above parameters was evaluated with one-way ANOVA analysis and Tukey's post hoc test, using Origin 6 software. Significant differences are indicated as *p Յ 0.05, **p Յ 0.01, and ***p Յ 0.001.
Molecular cloning of H. trivolvis NO synthase and double-stranded RNA synthesis. Neuronal nitric oxide synthase (NOS) is highly conserved across species. Degenerative primers were designed after cDNA analysis of Aplysia californica, Lymnaea stagnalis, Gecarcinus lateralis (Bermuda land crab), Drosophila melanogaster, and mouse neuronal NOS. We cloned Helisoma trivolvis NOS (HeliNOS) from snail brains and buccal ganglia by reverse transcription-PCR using degenerate primers corresponding to a conserved region between the heme-binding and the calmodulin-binding recognition sites. Total RNA was extracted from 30 H. trivolvis brains and 30 buccal ganglia using Qiagen RNA Easy Mini kit. SuperScript II Reverse Transcriptase (Invitrogen) was used to generate cDNA from a total of 2.75 g of RNA at 50°C for 2 h. The first PCR (40 cycles at 94°C for1 min, 50°C for 1 min, 72°C for 2 min) was performed using the forward primer 1L 5Ј-CARTGGWSIAARYTICARGTITTYG-AYGC-3Ј and the reverse primer 2R 5Ј-ACCCAICCISNIGGRCANC-CNCC-3Ј, and the product of this reaction was used for the nested PCRs using the forward primer 1L and the reverse primer 1R 5Ј-CCANCCRTTRAAIGGRCAISIIGGRAAYTC-3Ј (40 cycles at 94°C for1 min, 55°C for 1 min, 72°C for 2 min) and the forward primer 2L 5Ј-GGNGAYCCIGCIAAYGTIGARTTYACNGA-3Ј and the reverse primer 2R (40 cycles at 94°C for1 min, 55°C for 1 min, 72°C for 2 min). Identified segments 1L-1R and 2L-2R were cloned into the pcR2.1 vector with T7 promoter (Invitrogen) and sequenced (Georgia State University DNA Sequencing Facility, Atlanta, GA). Data were analyzed with DNASTAR and CLC Free Workbench 3.2.2 (CLC Bio), and submitted to GenBank under accession number GQ178288.
A total of 240 amino acids encoded by 720 bp of the identified overlapping sequences and their alignment with highly homologous sequences from the listed above species are shown in Figure 1 A. HeliNOS had 95% identity to the corresponding segment of apNOS from A. californica and demonstrated high similarity with the corresponding segment of mammalian neuronal NOS. Figure 1 B shows a schematic representation of mammalian neuronal NOS with its conserved regulatory sites. The cloned sequence is located between the highly conserved heme-and calmodulin-binding sites.
To produce double-stranded RNA (dsRNA), the 523 bp segment 1L-1R was cloned into the pcR2.1 vector in forward and reverse directions, and these two constructs were used to generate sense and antisense RNAs using T7 MEGAscript kit (Ambion). Each strand was purified using Purification System and NucAway Spin Columns (Ambion). The dsRNA was generated by annealing equimolar amounts of sense and antisense transcripts (90°C for 15 min and then overnight at room temperature) and subsequently aliquoted and stored at Ϫ20°C. To knockdown HeliNOS in cultured B5 neurons, dsRNA interference (dsRNAi) was added to cell culture dishes at a concentration of 1 g/ml for 24 h.
Measurement of growth cone dynamics. Growth cones were viewed under a 100ϫ oil-immersion objective on a Sedival microscope. A regular CCD camera (C-72; Dage-MTI) was used to capture phase-contrast images, which were digitized on a frame grabber (Scion LG-3; Scanalytics) and analyzed with Scion Image software (Scion Corporation) on a Hewlett-Packard Pavilion. Images were captured before (Ϫ5 and 0 min) and at defined times (2, 5, 10, 15, 20, and 30 min) after maneuvering a sender cell body into the vicinity of a growth cone. Filopodial length was analyzed by measuring the length of all filopodia on a growth cone from their tip to the edge of the central domain, thereby preventing potential incorrect measurements influenced by lamellipodial dynamics. Filopodial length changes are expressed as a percentage change normalized to the time point t ϭ 0 just before the addition of a sender. ANOVA (repeated-measures ANOVA with time as repeated measures when appropriate) was performed with SuperANOVA (Abacus Concepts) to determine statistical significance between conditions. Fisher's protected least significant difference test was used as post hoc analysis of preplanned comparisons. Significant differences are indicated as *p Յ 0.05, **p Յ 0.01, and ***p Յ 0.001.
Immunocytochemistry. Growth cones were fixed and treated according to Cohan et al. (2001) . Neurons were fixed in 0.1% glutaraldehyde and 4% paraformaldehyde (in Small's buffer; Electron Microscopy Sciences) for 5 min, washed twice with Small's buffer, lysed in 0.1% Triton X-100 (Sigma) for 5 min, washed twice with Small's buffer, incubated in 100 mM glycine for 10 min, washed twice with Small's buffer, and then blocked with Blotto (nonfat instant dry milk, 0.05% Tween 20 in PBS) for 30 min. Next they were incubated with a polyclonal rabbit anti-neuronal NOS (nNOS) antibody (Affinity Bioreagents) at a dilution of 1:1000 for 1 h at 37°, washed three times in PBS-BSA buffer (PBS and 0.05% BSA), incubated with a secondary antibody, Alexa Fluor 488 goat anti-rabbit (Invitrogen) , at a dilution of 1:300 for 30 min at 37°, and finally washed twice in PBS-BSA buffer before mounting. Growth cones were viewed through a 100ϫ oil-immersion objective on a Zeiss Axiovert inverted microscope equipped with an FITC filter set. Images were acquired using a cooled Photometrics CCD camera and stored on a Macintosh computer (Apple Computers). A camera exposure time of 100 ms was used for all images. Fluorescent intensity was measured with Scion Image software (Scion Corporation) by drawing a box over individual growth cones and averaging the signal contained within. Staining was done in parallel for different experimental conditions to minimize differences in staining intensity between dishes. Statistical analysis of the fluorescence intensity was performed by using a t test for independent samples with Super-ANOVA (Abacus Concepts). Significant differences are indicated as *p Յ 0.05, **p Յ 0.01, and ***p Յ 0.001.
Solutions and drugs. The nitric oxide donor NOC-7 (Calbiochem) was dissolved in 100 mM NaOH to make a stable stock solution of 100 mM NOC-7. NOC-7 (2 l of stock solution) was mixed with 200 l of extracellular solution removed from the recording dish and immediately added back into the dish to give a final concentration of 100 M NOC-7. NaOH at 100 M did not change the pH of the solution and did not affect the firing rate or the membrane potential of B5 neurons.
Other drugs used included NMDG as Na replacement, the Ca channel blockers CdCl 2 and LaCl 3 , the BK channel blocker IBTX (Sigma), and the SK channel blocker apamin (Alomone Labs). Water-insoluble agents were dissolved in dimethylsulfoxide (Sigma).
Results

Initial characterization of basic membrane properties and electrical activity of B5 neurons in cell culture
To address how NO affected electrical activity and excitability of B5 neurons, we first analyzed their basic electrical properties. All experiments were performed on neurons that had been in culture for 1 or 2 d and that had well developed neurites with motile growth cones (Fig. 2 A, left) . All neurons were grown in isolation so that the recorded activity reflected spontaneous, cell-intrinsic electrical properties. B5 neurons had a resting membrane potential of Ϫ43 Ϯ 7 mV and exhibited a spontaneous tonic firing activity with an average frequency of 0.78 Ϯ 0.43 Hz (n ϭ 57) that was stable for at least 3 h of continuous whole-cell recording. To rule out potential side effects of the whole-cell configuration on the spiking activity, we compared spiking rates before breaking through the cell membrane (in cell-attached configuration) and after establishing the whole-cell configuration. The frequencies of spontaneous tonic spiking activity in the cell-attached and whole-cell configuration recorded from the same neurons remained basically unchanged (n ϭ 3) (Fig. 2 A, middle) , indicating no obvious adverse effect of the whole-cell configuration on spiking activity. The typical spontaneous was characterized by an amplitude of 76 Ϯ 9 mV and a half-width of 18 Ϯ 3 ms (n ϭ 5), followed by a prolonged AHP (Fig. 2 A, right) . Ca channels are main contributors to APs in gastropods (Adams et al., 1980) . To investigate the ionic basis of the AP in B5 neurons, we used inhibitors of voltage-gated Ca channels, LaCl 3 and CdCl 2 , to evaluate the contribution of Ca channels to spontaneous and evoked APs. The blockage of Ca channels with LaCl 3 inhibited spontaneous APs within 1 min of application (Fig. 2 B,  left) and also blocked depolarization-evoked APs at all current injections ranging from 50 to 500 pA (Fig. 2 B, right) . The same results were obtained with the Ca channel blocker CdCl 2 (data not shown). Together, these data suggest that B5 neurons depend on functional Ca channels to fire spontaneous and evoked APs.
To investigate the contribution of Na channels to the spontaneous spiking of B5 neurons, we replaced extracellular Na ions with the impermeable monovalent cation NMDG. Na replacement became necessary, because tetrodotoxin (TTX) up to 50 M did not have an effect on Na channels in B5 neurons (data not shown) and, therefore, could not be used in this study. This finding was consistent with results by others that many gastropod sodium channels are apparently resistant to TTX . Na replacement with NMDG caused a small hyperpolarization of Ϫ4 Ϯ 1 mV (n ϭ 12) and resulted in the blockade of spontaneous APs, suggesting that Na currents contribute to the resting membrane potentials and that the spontaneously occurring spikes require an Na conductance (Fig. 2C ). The effect of Na replacement was reversible, and the spontaneous activity recovered after NMDG was replaced with normal Na-containing solution. Interestingly, in the absence of Na ions, injection of depolarizing currents still elicited APs (Fig. 2 D) but with distinct characteristics. The half-width of evoked APs in the presence of NMDG was increased to 23.3 Ϯ 2.8 ms compared with 13.2 Ϯ 1.4 ms (150 pA, p Յ 0.001, n ϭ 4) in normal saline. The activation and inactivation kinetics of the depolarization-evoked APs were much slower in the presence of NMDG: the rise and decay times were 6.7 Ϯ 0.1 and 15.2 Ϯ 1.6 ms, respectively, in the presence of Na versus 9.7 Ϯ 0.7 ms ( p Յ 0.01, n ϭ 4) and 25.7 Ϯ 1.8 ms ( p Յ 0.001, n ϭ 4) in the Na-free solution. In the absence of Na ions, the APs evoked by positive current steps of different magnitude (up to ϩ2 nA) were totally blocked by the Ca channel blocker CdCl 2 , suggesting that they were carried by Ca ions. Together, these data suggest that spontaneous APs in B5 neurons are dependent on both Na and Ca conductances and that neurons can fire Ca APs when depolarized in the absence of Na ions but that they cannot fire Na APs when depolarized in the absence of Ca ions.
The NO donor NOC-7 induces a short-term increase in spiking activity, persistent membrane depolarization, and subsequent silencing of spontaneous spiking activity We showed previously that the gaseous messenger NO affects growth cone motility by increasing intracellular Ca through a combination of Ca release from intracellular stores and Ca influx (Welshhans and Rehder, 2007) . Given that spontaneous and evoked APs in B5 neurons depended on Ca channels, we next questioned whether the NO-mediated Ca influx reported in the previous study could have resulted from NO acting as a modulator of neuronal firing activity. To characterize the effect of NO on the spontaneous firing activity of B5 neurons, we bath applied the NO donor NOC-7 (100 M) [half-life: 5-10 min at physiological pH (Otsuka et al., 1998; Onodera et al., 2000) ] and recorded neurons in whole-cell current-clamp configuration. In a first set of experiments, spontaneously firing neurons were held in A, Left, Example of a mature B5 neuron with well developed neurites and a large growth cone. Scale bar, 50 m. Middle, Spontaneous tonic firing activity of a mature B5 neuron recorded in cell-attached (top) and whole-cell current-clamp (bottom) modes. Right, Shape of a typical spontaneous AP, depicting amplitude, width at half-amplitude, and AHP. B, Left, Spontaneous tonic firing activity was blocked after voltage-gated Ca channels were blocked with LaCl 3 (0.5 mM). Note that the membrane potential remained elevated in the continued presence of LaCl 3 , consistent with a closing of Ca-activated K channels. Right, LaCl 3 (0.5 mM) inhibited evoked APs normally induced by steps of positive current injection (50 -500 pA, ⌬50 pA, 1 s). C, Spontaneous tonic firing activity was blocked after Na ions were replaced with NMDG. The effect of NMDG was reversible. D, B5 neurons responded to positive current injection (150 pA, 1 s) with firing of evoked APs. After Na ion replacement with NMDG, current injection still elicited Ca-based APs that were blocked by the Ca channel inhibitor CdCl 2 (1 mM). Note that current injections up to 2 nA were unable to evoke APs in neurons treated with NMDG and CdCl 2 (data not shown).
current-clamp mode with 0 current injection. NOC-7 treatment resulted in the depolarization of neurons by 8.5 Ϯ 1 mV (n ϭ 5) and a transient increase in the firing rate lasting 1.5-5 min (n ϭ 5), followed by the total inhibition of spontaneous firing. Figure  3A illustrates an example of a neuron that was originally spiking with 0.63 Ϯ 0.02 Hz and that increased its firing rate to 1.12 Ϯ 0.03 Hz almost immediately after treatment with NOC-7. After 4.5 min of being depolarized, the neuron stopped firing altogether and remained in this silenced state for at least 30 min ( Fig.  3A) (n ϭ 5). Silenced neurons did not respond to a second treatment with NOC-7 (100 M, n ϭ 4), suggesting that the primary effect of NOC-7 on electrical properties of B5 neurons was long lasting and prevented B5 neurons from responding to an additional stimulation with NO (data not shown).
Because individual neurons exhibited a range of spontaneous spiking rates, we next tested the effect of NOC-7 on neurons hyperpolarized to the same resting membrane potential. To this end, we performed whole-cell current-clamp experiments on B5 neurons and injected a constant negative current (Ϫ15 Ϯ 5 pA) to reach Ϫ60 mV, which moved the membrane potential below the threshold for spontaneous firing (Fig. 3B ). NOC-7 (100 M, bath application) depolarized the membrane potential and induced bursting behavior within 1-5 min after application of the NO donor. This initial appearance of bursting typically lasted from 1.5 to 2 min and was followed by a period of at least 30 min, during which neurons were silenced while the membrane potential typically remained depolarized by 9 Ϯ 1 mV (n ϭ 4). Thus, the application of NOC-7 in zero-current condition, when neurons were spontaneously firing, and in hyperpolarizing-current condition, when neurons were silent, had similar outcomes: depolarization of the membrane potential, transient increase in firing activity, and, finally, long-term silencing of spontaneous electrical activity at slightly depolarized membrane potential.
We next investigated the ionic basis of the depolarization induced by NOC-7. When extracellular Na ions were replaced by NMDG, NOC-7 treatment resulted in a depolarization of the same magnitude (7.5 Ϯ 1 mV, n ϭ 4) as in Na-containing medium, suggesting that the NO-induced depolarization was independent of Na ions (Fig. 3C) . Because an activation of Ca conductances was unlikely at these negative membrane potentials, it raised the possibility that the NO-induced depolarization at hyperpolarized membrane potentials was mediated by the inhibition of one or several K conductances.
NO increases the width of evoked APs and decreases AHPs
To address how NOC-7 might have brought about the depolarization, transient increase in firing rate, and the subsequent silencing, we investigated some key electrophysiological parameters changed by NO, namely AP shape and the AHP following it. Evoked APs elicited by depolarizing current injections (50 pA) before NOC-7 treatment (control) were compared with APs evoked in neurons after they had been silenced (20 -30 min after treatment with NOC-7). NOC-7 treatment broadened the width of evoked APs by 15 Ϯ 3% ( p Յ 0.01, n ϭ 5) (Fig. 4 A, left) .
To investigate the effect of NOC-7 on the AHP, we compared the amplitude of AHPs of rebound APs elicited after the return from a small hyperpolarizing current injection (Ϫ0.5 nA, 1 s). We found that NOC-7 treatment decreased the AHP of rebound APs (Fig. 4 A, right) , a modulation that would result in an increase in neuronal excitability. To investigate the effect of NOC-7 on the AHP in more detail, we used a prolonged depolarizing current injection (0.5 nA, 1 s) that resulted in a large AHP. The evoked AHP under control conditions had an amplitude of 9.4 Ϯ 2.1 mV and was significantly reduced by 85 Ϯ 12%, to 1.4 Ϯ 1.1 mV after NOC-7 treatment (n ϭ 5, p Յ 0.001) (Fig. 4 B) . The NOC-7-induced spike broadening and inhibition of AHP were consistent with the idea that NO inhibited one or more K conductances. A closure of K conductances by NO could explain the initial depolarization and increase in firing rate seen after treatment with NOC-7 and would be consistent with an increase in neuronal excitability.
NOC-7 partially inhibits a steady-state outward conductance
We next performed voltage-clamp experiments to directly investigate the effect of NOC-7 on outward conductances in B5 neurons. Currents were evoked by 1 s voltage steps from a holding potential of Ϫ60 mV to test potentials ranging from Ϫ100 to ϩ40 mV in 10 mV increments (Fig. 5A) . Sustained outward currents were measured at 980 ms (arrows) after the onset of each voltage Figure 3. NO induces a transient increase in spiking activity, membrane depolarization, and subsequent silencing of spontaneous spiking activity. A, Top, A spontaneously firing B5 neuron (1) was depolarized and transiently increased its firing rate (2) immediately after treatment with NOC-7 (100 M, bath application; arrow). The spiking frequency subsequently decreased and the neuron stopped firing after 4.5 min (3). Bottom, Plot of firing rate over time for the neuron shown above, depicting spontaneous firing rate (1), NOC-7-induced transient increase in firing rate (2), slowing of firing activity (3), and subsequent silencing, typically lasting for at least 30 min (4). Note that circled numbers correspond to time points in the top. B, Response of a neuron in current-clamp configuration (injection of negative current to hold V m ϭ Ϫ60 mV) to treatment with NOC-7 (100 M, bath application; arrow). The membrane potential of the neuron is depolarized, resulting in an increased firing rate. This initial firing rate increase typically lasted for Ͻ2 min and was followed by long-lasting silencing of spontaneous firing activity, during which the membrane potential was typically depolarized by ϳ10 mV. C, The replacement of Na with NMDG prevented neuronal firing activity and slightly hyperpolarized the membrane potential. Application of NOC-7 (100 M) depolarized the membrane potential in the absence of extracellular Na ions (NMDG replacement) to the same degree as in the presence of Na (B).
step. NOC-7 attenuated the sustained outward current induced by positive voltages. At ϩ40 mV, NOC-7 decreased the outward current to 75 Ϯ 5% of control levels ( p Յ 0.001, n ϭ 4) ( Fig.  5 B, C) . The inhibitor of Ca-activated or voltage-activated chloride currents, NPPB [5-nitro-2-(3-phenylpropylamino) benzoic acid] (50 M), did not affect the steady-state outward current (data not shown), arguing against the involvement of a Cl conductance. Thus, the measured outward current was most likely contributed by a K conductance. Because we showed previously that NO increases Ca levels in B5 neurons (Welshhans and Rehder, 2005) and others have demonstrated that Ca-activated K currents are sensitive to NO (Ahern et al., 2002) , we next determined whether a portion of the outward current was Ca dependent. In the presence of the Ca channel blocker CdCl 2 (100 M), the steady-state outward current at ϩ40 mV was attenuated to 70 Ϯ 8% of control levels ( p Յ 0.001, n ϭ 3) and precluded NOC-7 from additional inhibition of this current ( p Ն 0.01, n ϭ 3) (Fig. 5C ). The fact that NOC-7 attenuated the steady-state K current to the same degree as inhibition of voltage-activated Ca currents with CdCl 2 and the finding that the combined treatment with NOC-7 and CdCl 2 had no additional effect suggested that both treatments acted through the same mechanism. Together, these results supported the hypothesis that NO exerted its effects by inhibiting a voltage-dependent Ca-sensitive K conductance.
Evaluation of Ca-activated K currents
There are two major types of Ca-sensitive K currents: BK-like channels are Ca activated and voltage sensitive, whereas SK-like channels are Ca activated but voltage insensitive (Sah and Faber, 2002) . To determine whether the effects of NO on neuronal activity and excitability could be explained by inhibition of such Ca-sensitive K conductances, we used specific inhibitors of BK and SK channels, IBTX and apamin (Habermann, 1984) , respectively. Both inhibitors were used previously to inhibit their respective Ca-activated channels in snails (Schrofner et al., 2004; Vatanparast and Janahmadi, 2009 ) and we evaluated their effects on (1) the steady-state K outward conductance, (2) spontaneous spiking activity, (3) amplitude and duration of AHP, and (4) their ability to mimic and/or prevent the NOC-7-induced transient increase in firing activity and subsequent silencing.
IBTX-sensitive K conductance or BK-like channels mediate NO-induced inhibition of the outward current Bath application of IBTX (300 nM) resulted in the partial inhibition of the steady-state K current, suggesting that part of the outward current was through a BK-like channel (Fig. 6 A) . The subsequent addition of NOC-7 to IBTX-treated neurons had no additional effect on the current (Fig. 6 A) . IBTX (300 nM) significantly inhibited the outward current to 63 Ϯ 8% of the control level (n ϭ 4, p Յ 0.001), whereas IBTX plus NOC-7 resulted in an inhibition to 60 Ϯ 9% (n ϭ 4, p Յ 0.001) (Fig. 6 B) . There was no significant difference between treatment with IBTX and IBTX plus NOC-7, indicating that NOC-7 might have inhibited the steady-state outward current through an IBTX-sensitive BK channel.
Given the presence of an IBTX-sensitive BK-like conductance in B5 neurons, we next evaluated the ability of IBTX to affect the 5 nA, 1s) . B, NOC-7 treatment attenuated the AHP that was evoked by a depolarization step (500 pA, 1 s). Inset, Overlap of boxed regions on right show magnification of AHPs under control (black) and NOC-7 treatment (gray) conditions. AHPs were measured 500 ms after the end of the depolarization step (arrow). NOC-7 treatment inhibited the amplitude of the AHP by 85 Ϯ 12% compared with controls (n ϭ 5, p Յ 0.001). . NOC-7 attenuates Ca-activated K currents. A, Representative recording of total outward currents immediately before (control), 15 min after treatment with NOC-7 (100 M), and 1 min after treatment with NOC-7 (100 M) plus CdCl 2 (100 M). Currents were measured in whole-cell voltage-clamp mode from a holding potential of Ϫ60 mV. Voltage was stepped from Ϫ100 to ϩ40 mV in 10 mV increments, and currents were measured 980 ms into the voltage step (arrow). B, I-V plot for control, NOC-7-treated and NOC-7 plus CdCl 2 -treated neurons measured as in A and normalized to the amount of control current at ϩ40 mV. Notice the high resistance at voltages between Ϫ100 and Ϫ20 mV and an increasing outward current between Ϫ20 and ϩ40 mV. C, NOC-7 significantly inhibited the steady-state outward current (measured at voltage steps to ϩ40 mV). The Ca channel blocker CdCl 2 (100 M) reduced the outward current to the same degree as NOC-7, and the addition of CdCl 2 in the presence of NOC-7 had no additional effect.
spontaneous firing activity of B5 neurons. IBTX (300 nM) treatment resulted in an immediate increase in the firing rate of B5 neurons (n ϭ 4), and the firing rate remained elevated for at least 30 min before returning to pretreatment levels (Fig. 7A) . IBTX also resulted in significant spike broadening, increasing the halfwidth of spontaneous APs by 35 Ϯ 3% ( p Յ 0.001, n ϭ 4) from 18.8 Ϯ 0.2 ms before to 25.4 Ϯ 0.3 ms 20 min into the treatment (Fig. 7A) . Blocking IBTX-sensitive conductance also had a strong effect on evoked AHPs. AHPs evoked by depolarizing current injections of 1 nA for 1 s were decreased in amplitude by 30 Ϯ 8% (n ϭ 4, p Յ 0.005) after treatment with IBTX when compared with controls ( Fig. 7 B, C) . Interestingly, subsequent treatment with NOC-7 (100 M) for 20 min further decreased the AHP amplitude to 18 Ϯ 5% of control levels ( p Յ 0.001, n ϭ 4), suggesting that NO affected the AHP by yet another mechanism.
Given that NOC-7 was able to further reduce the AHP in the presence of IBTX, we next investigated whether NOC-7 would be able to affect the spiking rate of IBTX-treated neurons as well. Once the firing rate had returned to pre-IBTX treatment levels, NOC-7 caused a transient increase in the firing rate and subsequently resulted in silencing of the firing activity (n ϭ 5) (Fig.  7D) , reminiscent of its effects on untreated neurons. Thus, although we have demonstrated that the inhibition of BK-like channels resulted in a transient increase in the firing rate of B5 neuron, much as after treatment with NOC-7, NOC-7 obviously acted through another pathway to silence neurons and, in addition to BK-like channels, could also have acted through another mechanism to increase spiking activity.
Apamin-sensitive K conductance or SK-like channels mediate NO-induced increase in spiking and subsequent silencing
Given that NOC-7 affected neuronal firing and AHP amplitude in the presence of IBTX, we next investigated whether NOC-7, in addition to acting on BK-like channels, might also act on Cadependent, voltage-insensitive SK-like channels. Treatment with the specific SK channel blocker apamin (0.6 M) resulted in transient depolarization and increase in spiking activity that was followed by long-term silencing after ϳ10 min (Fig. 8 A) . Unlike treatment with NOC-7 and IBTX, apamin did not induce spike broadening (data not shown). Thus, treatment with apamin mimicked the effect of NOC-7 on depolarization, increased firing rate, and subsequent silencing.
In the majority of mammalian neurons, the main function of SK channels is ascribed to the generation of AHP (Sah and Faber, 2002; Pedarzani and Stocker, 2008) and SK channel-mediated currents are generally evaluated as the part of the AHP that is sensitive to apamin (Bond et al., 2005) . Thus, we used whole-cell current-clamp recordings to generate AHPs and to measure the effect of apamin on K channels. The treatment with apamin reduced the depolarization-evoked AHP after current injection (1 nA, 1 s) (Fig. 8 B) , suggesting that the apamin-sensitive conductance strongly contributed to the AHP in B5 neurons. The amplitude of AHPs (measured 300 ms after the end of the depolarizing pulse) was reduced from Ϫ7.1 Ϯ 1.0 mV before treatment (control) to Ϫ2.5 Ϯ 0.5 mV after apamin-induced silencing, a reduction of 65% ( p Յ 0.001, n ϭ 4) (Fig. 8C) . The treatment with NOC-7 after apamin-induced silencing had an additional significant inhibitory effect on the amplitude of AHP, which was reduced to Ϫ1.3 Ϯ 0.3 mV ( p Յ 0.005, n ϭ 4).
Because apamin appeared to have the same effect on spiking as treatment with NOC-7, we next investigated whether NOC-7 would have an effect on apamin-silenced neurons. Interestingly, once silenced, apamin-treated neurons showed no response to NOC-7 (n ϭ 4) (Fig. 8 D) , suggesting that the apamin-sensitive conductance was the major target of NO in mediating the effect of NOC-7 on the intrinsic neuronal activity of B5 neurons.
In summary, our results suggest that the effects of NOC-7 on the intrinsic firing activity of B5 neurons are primarily mediated via inhibition of SK-like Ca-sensitive K channels and partially via inhibition of BK channels, contributing to the initial increase in firing rate and spike broadening.
Effects of cellular NO release on electrical properties
Although NO donors, such as NOC-7, have played a significant role in the investigation of NO signaling, it has become increasingly clear that biological effects of NO have to be interpreted in light of the actual physiological release of NO from cells and tissues in vivo. We previously developed a sender-receiver paradigm, in which we investigated the effect of physiological NO release from a single neuron on growth cone motility of other neurons. This study showed that the NO release from a single neuron can be sufficient to have a physiological effect on another neuron located up to 100 m away (Tornieri and Rehder, 2007) . Here we used the same senderreceiver paradigm to investigate whether NO release from a single cell (sender) has physiological effects on the electrical properties of neighboring neurons (receivers). Identified B5 neurons, known to express the NO-synthesizing enzyme NOS, were used as sources of constitutive NO production and positioned ϳ15-20 m from the soma of a receiver that was recorded in whole-cell current-clamp mode (Fig. 9A) . Senders resulted in silencing of receivers in seven of seven experiments within 12-20 min, just as observed above with NOC-7 but with a slower time course. This might be attributed to the smaller concentration of NO released from the sender compared with NOC-7. NOC-7 caused a biphasic response with a transient increase in firing rate followed by silencing, Similarly, senders caused an initial transient increase of spiking in five of seven receivers, and the increase seen ranged from pronounced (Fig. 9B, top) to weak (Fig. 9B, bottom) . In the remaining two of seven experiments with B5 senders, receivers were silenced within 12-15 min without an initial transient in- . NOC-7 attenuates a steady-state outward current by inhibiting an IBTX-sensitive conductance. A, Total outward current under control condition, 30 min after IBTX (300 nM), and after IBTX (300 nM) plus NOC-7 (100 M). I-V curves were measured as in Figure 5 (holding potential of Ϫ60 mV, voltage steps of 1 s duration from Ϫ100 to ϩ40 mV in 10 mV increments). B, Quantification of data such as in A. Iberiotoxin significantly attenuated the outward current measured at ϩ40 mV (n ϭ 4, p Յ 0.001), and subsequent addition of NOC-7 (100 M) had no additional inhibitory effect on the outward current measured at ϩ40 mV.
crease in spiking activity. Subsequent removal of B5 senders from receivers did not result in the recovery of tonic spiking within 1 h, suggesting that the changes in electrical activity induced by the sender were long lasting (data not shown). Because we had shown previously that NOC-7 resulted in the reduction of depolarization-evoked AHPs, we hypothesized that NO release from a physiological source might have the same effect. This was indeed the case, because AHPs elicited with the depolarizing current injection protocol (1 nA, 1s) after sender-induced silencing were significantly reduced to 57 Ϯ 13% ( p Յ 0.005, n ϭ 4) (Fig. 9C) . To verify that it was indeed NO and not another substance that was responsible for the effects of sender neurons on electrical activity, we used two controls: (1) B19 neurons, which show no or only very faint immunoreactivity to nNOS (Van Wagenen and Rehder, 2001 ) and were shown not to release sufficient amounts of NO to affect other neurons (Tornieri and Rehder, 2007) and (2) B5 neurons in which nNOS was knocked down by an RNAi approach. As demonstrated previously in the fresh-water snail Lymnaea (Korneev et al., 2002) , bath application of several hundred base pairs of doublestranded RNA in vitro resulted in the degradation of targeted RNAs. We used this approach with double-stranded RNA produced from H. trivolvis as detailed below.
Treatment of B5 neurons with HeliNOS
RNAi abolishes the effect of an NO sender on its target Before determining the effectiveness of the NOS RNAi approach in electrophysiological experiments, we first investigated its effectiveness in reducing the amount of NOS expressed in senders. Incubation of senders for 24 h with HeliNOS RNAi (1 g/ml) significantly decreased the expression of nNOS by 80 Ϯ 5% compared with control neurons incubated only with vehicle ( p Յ 0.001, n ϭ 19 and n ϭ 14, respectively) ( Fig. 10 B, D) . To independently verify the effectiveness of the NOS knockdown, we used the sender-receiver paradigm (Tornieri and Rehder, 2007) to test the effect of physiological NO release on filopodial motility. Growth cone filopodia are exquisitely sensitive to NO and a valuable assay system for effects of NO. Stimulation with NO resulted in a transient elongation of filopodia, whereas senders incubated with HeliNOS RNAi (1 g/ml) for 24 h had no effect on filopodia length (Fig. 10 E) , suggesting that the knockdown was sufficient to block physiological effects of NO on growth cone filopodia.
To confirm that the effect of NO senders on electrical properties of receivers was mediated through NO, we preincubated senders for 24 h with HeliNOS RNAi before testing. Senders incubated with HeliNOS RNAi had no effect on the firing rate of receiver neurons (Fig. 11 A, top) , independently supporting the notion of an effective knockdown of NOS. The other control, B19 neurons, also had no effect on the spontaneous firing rate of B5 neurons (Fig. 11 A, bottom) . Together, these results suggested that the silencing effect observed with B5 senders was attributable to NO.
The analysis of AHPs in response to a depolarizing pulse (1 nA, 1 s) provided independent support that the RNAi approach functionally knocked down nNOS in B5 senders. The AHP am- plitudes in untreated control neurons, in receivers treated with B19 senders, and in receivers of nNOS RNAi-treated B5 senders were not significantly different (Fig. 11 B) , indicating that NO is responsible for the modulatory effect of B5 senders on electrical activity of B5 neurons. Together, these data demonstrated that NO released from a cellular source can affect the electrical properties of NOsensitive neurons growing in its surrounding and that the RNAi approach used here can be used effectively in cell culture applications.
Discussion
NO modulates electrical properties in different cell types, both in vivo and in vitro (Ferraro and Sardo, 2004; Garthwaite, 2008) . Here we describe a novel mechanism by which NO significantly alters the excitability of an identified gastropod neuron, namely by inhibiting BK-and SK-like K conductances. Moreover, by using a single neuron as an NO source, we demonstrate that physiological release of NO is sufficient to significantly affect electrophysiological responses in synaptically unconnected neurons. Last, we show that the electrophysiological responses seen using a cellular NO source are very similar to responses observed after application of chemical NO donors.
SK-type and BK-type potassium channels mediate long-and short-term effects of NOC-7
Treatment with the NO donor NOC-7 resulted in membrane depolarization, a transient increase in firing frequency, spike broadening, and subsequent silencing of spiking activity that coincided with the inhibition of Ca-activated K currents. Surprisingly, all these effects, except spike broadening, were seen after inhibition of SK-like K conductances with apamin, suggesting that NO affected firing activity by inhibiting an SK-like conductance. Interestingly, the initial increase in spiking activity and spike broadening, as well as a decrease in the steady-state K current, were also mimicked by IBTX, indicating a BK-like channel as a target of NO as well. BK and SK channels gate two major types of Ca-sensitive K currents. Whereas BKlike channels are Ca activated and voltage sensitive, SK-like channels are Ca activated and voltage insensitive (Sah and Faber, 2002) . Both types of channels have been localized in gastropod neurons with antibodies developed for mammalian BK and SK channels (Azanza et al., 2008) , suggesting a fair degree of conservation of these channels across phyla. We demonstrated previously that NOC-7 treatment resulted in a transient increase in intracellular Ca through the release of Ca from intracellular stores and via voltage-gated Ca channels Welshhans and Rehder, 2007) . The inhibition of Ca-activated K channels by NOC-7 resulted in depolarization and the subsequent opening of (2), and cessation of spontaneous firing at hyperpolarized membrane potential (⌬V ϳ8 mV) after 10 min in apamin (3). Bottom, Plot of firing rate over time for neuron shown above. B, Apamin inhibited the AHP that was evoked after APs induced by positive current injection (1 nA, 1 s). Addition of NOC-7 to apamin-treated neurons caused an additional decrease in AHP amplitude. C, Quantification of experiments (n ϭ 4) such as the one shown in B. AHP was measured 300 ms after the end of the depolarizing step. D, Inhibition of apamin-sensitive K channels blocks the effects of NOC-7 on firing activity. Representative recording (n ϭ 6) showing spontaneous spiking activity 20 s before apamin addition (1), depolarization and increased firing after 1 min (2), and decrease in firing rate and silencing after 30 min in apamin (3). Treatment with NOC-7, once the neuron has been silenced by apamin, had no additional immediate effect on electrical activity (4), and the neuron remained silent for at least 30 min after addition of NOC-7 (5). Gray line indicates the continued presence of apamin in the bath. Arrow depicts the application of NOC-7.
voltage-gated Ca channels. The resulting increase in cytosolic Ca might account for part of the Ca influx seen in our previous studies. The increase in firing rate in response to NOC-7 would likely cause an additional increase in intracellular Ca given that Ca ions are a major contributor to the APs in B5 neurons and that NOC-7 also resulted in spike broadening. Most likely, NOC-7 and IBTX broadened APs directly via inhibition of voltage-dependent Ca-activated K currents. Any indirect broadening of spikes via modification of other channels by depolarization would have been revealed by other treatments resulting in comparable depolarization. Apamin, for example, although having a depolarizing effect, did not result in spike broadening, suggesting that the effect of NOC-7 on spike broadening likely occurred through the inhibition of a voltagedependent Ca-activated K conductance, such as an IBTXsensitive, BK-like channel.
Our finding that apamin induced an increase in the firing rate without broadening of APs was consistent with the effects of apamin on APs described previously (Gao and ZiskindConhaim, 1998 ). Apamin-induced silencing was consistent also with the critical role of SK channels in the maintenance of tonic spiking activity (Bond et al., 2005) . Moreover, apamin treatment prevented NO from having additional effects on electrical activity, indicating that the effects of NO on neuronal excitability could be explained by its effect on apamin-sensitive K channels. Considering the above, we concluded that NOC-7 inhibited Caactivated K channels by a yet unknown mechanism that also prevented or decreased the normal activation of BK-and SK-like K channels by Ca.
AHPs are critical for setting the spontaneous spiking activity and are important in determining neuronal excitability in general (Hille, 2001; Disterhoft and Oh, 2006) . Ca-activated K channels are known to help repolarize the membrane potential and are primarily responsible for the AHP (Hille, 2001) . BK-and SK-like channels contribute to the AHP in different ways (Köhler et al., 1996; Sah and Faber, 2002) . BK channels contribute to the initial phase of the AHP (Shao et al., 1999) , and SK channels contribute to the medium AHP that typically lasts for several hundred milliseconds (Sah and Faber, 2002; Vatanparast and Janahmadi, 2009) . We demonstrated that NO decreased the AHPs after rebound APs and strong depolarizing current pulses. Consequences of AHP inhibition are a faster recovery of the membrane potential, which would allow neurons to fire at a higher frequency and result in increased intrinsic excitability. The specific inhibitors of SK-like channels, apamin, and BK-like channels, IBTX, also significantly reduced the AHP and transiently increased firing frequency. Interestingly, the AHP of apamin- Figure 9 . NO senders mimic the effects of NOC-7 on electrical activity and AHP of receiver neurons. A, Experimental setup of a sender-receiver experiment. A sender neuron, attached to a poly-L-lysine-coated microelectrode, was moved into the vicinity of the soma of a receiver neuron. The response of the receiver was recorded with a patch-clamp electrode. B, Representative recordings from two receivers demonstrating the changes in firing activity after sender B5 was moved close to the soma of receiver. Recordings show spontaneous activity before (control), 20 s, and 20 min after the sender was moved close to the receiver. Recording on top shows anexampleinwhichthereceivershowedastrongtransientincreaseinspikingandsubsequentsilencing, whereas the neuron on the bottom only showed a very small increase in the firing rate before it was silenced. C, Example of AHPs recorded from a control receiver (no exposure to sender; left) and after silencing by a sender (middle, right; numbers correspond to neurons in B). . The same growth cones were shown in phase-contrast images in A and C. IR, Immunoreactivity. E, RNAi-treated senders moved close to receiver growth cones (ϳ30 -60 m) growing in cell culture had no effect on filopodial morphology, whereas control senders elicited a rapid and long-lasting elongation of filopodia. treated neurons could be reduced further by NOC-7, an effect that was likely attributable to the IBTX-sensitive component of the AHP, both of which contribute to the compound AHP.
The early effect of NOC-7 was a transient increase in firing rate and the later effect was silencing. This silencing was long lasting and reminiscent of the long-term effects of NO on the modulation of synaptic strength in models of synaptic plasticity (Zhuo and Hawkins, 1995; Feil and Kleppisch, 2008) . Neuronal silencing by NO could represent a novel NO-dependent form of homeostatic plasticity caused by long-term changes in the functional expression of outward K currents, particularly Caactivated K channels that, in the intact nervous system, would result in altered responses to incoming synaptic and nonsynaptic inputs and gate synaptic outputs.
Possible mechanisms of SK channel regulation
Although we presently do not know how NO inhibits Caactivated K channels in B5 neurons, several Ca-dependent and Ca-independent mechanisms by which these channels can be modulated have been described. Ca-activated K channels can be inhibited by prolonged increases in intracellular Ca. For instance, prolonged stimulation of group 1 metabotropic glutamate receptors in hippocampal CA1 neurons triggers intracellular Ca release, which results in the inhibition of the AHP and its underlying Ca-activated K currents (Mannaioni et al., 2001; Young et al., 2008) . We demonstrated previously that NO induces an increase in cytosolic Ca via ryanodine channels (Welshhans and Rehder, 2005) , raising the possibility of Ca release-mediated inhibition of AHP. Additionally, in amygdala pyramidal neurons, PKA phosphorylation primes SK channels for removal from the plasma membrane, bearing a striking resemblance with the removal of AMPA channels in long-term depression (Ziff, 2007) . Moreover, a decrease in Ca sensitivity of SK channels has been reported to occur via CK2 kinase phosphorylation of calmodulin (Allen et al., 2007) . Interestingly, inhibition of SK channels has been linked to serine phosphorylation of these channels (Kramár et al., 2004) , raising the possibility of NO-induced PKG phosphorylation of these channels in B5 neurons (Welshhans and Rehder, 2005) . Regardless of the signaling pathways, a prolonged downregulation of SK channels might be the general mechanism by which NO exerts its long-lasting modulatory effect on both intrinsic and synaptic neuronal plasticity.
NO as a volume messenger
The function of NO as a "volume" transmitter has been proposed in systems in which the source and target of NO are anatomically segregated (Gally et al., 1990; Wood and Garthwaite, 1994; Philippides et al., 2005) . Modeling approaches have shown that NO will diffuse from its source of production and affect other neurons at considerable distances (Wood and Garthwaite, 1994; Philippides et al., 2005) . We demonstrated that NO has physiological effects at distances of up to 100 m (Tornieri and Rehder, 2007) . In the sender-receiver paradigm used here, soma-to-soma reset of neuronal excitability by the sender suggested that NO might regulate and coordinate the electrical activities of neighboring neurons that express NO targets in vivo. Our finding that NO served as a modulator of neuronal activity is supported by studies in other systems (Ahern et al., 2002; D'Yakonova and D'Yakonova, 2008) . In the related gastropod Lymnaea, NO enhanced the serotonergic synapse between the cerebral giant cell and B4 neuron (Straub et al., 2007) , whereas NO converted an inhibitory effect carried by glutamate into an excitatory effect (D'Yakonova and D'Yakonova, 2008) . Modulating neuronal firing and silencing of neurons in circuits that generate motor behaviors can have strong effects on behavioral output and can even result in a switch between motor programs (Selverston et al., 1998) . Thus, the intrinsic neuronal activity of neurons participating in the same or different neuronal circuits could be affected by NO synchronously, resulting in modulated circuit outputs. One example, in which NO was shown to initiate or modulate a motor output is feeding behavior in mollusks, although the location and the mechanism by which NO affects the feeding program are . NOS RNAi-treated senders and B19 senders do not affect the electrical activity of B5 receivers. A, Traces of recordings from receivers before (control), 20 s after, and 20 min after moving an RNAi-treated sender (top) or B19 sender (bottom) in close proximity (ϳ20 m) to the soma of the recorded neuron. Note that these treatments had no effect on the electrical activity of the receiver. B, Large AHPs were elicited in untreated receivers, and the amplitude of the AHPs was not affected after pairing the receiver with RNAi-treated B5 senders or B19 senders for 20 -30 min. AHPs were measured 300 ms after the end of the depolarization step.
not fully understood (Moroz et al., 1993; Elphick et al., 1995; Kobayashi et al., 2000a,b; Hatcher et al., 2006) . There has been a long-standing debate about the physiological relevance of using chemical NO donors (Garthwaite, 2008) . Our finding that both electrical properties and effects on growth cone morphology are regulated in a similar manner by chemical and physiologically released NO supports the usefulness of commercially available NO donors in studies of cellular physiology, although NO release from cellular sources is likely to produce a more physiological stimulus. Although NOC-7 and stimulation with a NO-releasing cell resulted in silencing, not all neurons treated with the NO sender showed the initial increase in firing, suggesting that the amounts and temporal dynamics of NO release from the two sources are likely different. Future studies will have to continuously measure and compare the amounts of NO release from single cells and from NO donors to better understand the temporal and spatial aspects of NO release, as well as their effects on different cellular targets.
